SUMMARY The HLA system is the major histocompatibility system of man and was found through a search for blood group-like determinants on white blood cells that would be effective in matching for transplantation. The HLA system has its counterparts in other species of mammals, birds, and reptiles including the much studied H2 system of the mouse. The HLA system started from a series of antigens defined by a combination of relatively crude serology and genetics, supported by extensive statistical analysis. It has turned out to be a complex genetic region determining two major sets of cell surface products which mediate essential functional interactions between cells of the immune system, and so have a major role in the control of the immune response. Polymorphism in the HLA region is thus associated with a wide variety of diseases with an immune aetiology.
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In this brief review I shall survey some aspects of the structure and function of the HLA system and their relation to disease susceptibility, and the normal and pathological tissue distribution of the two major classes of HLA determinants.
The HLA system Early studies in the search for white cell blood groups, especially by Dausset, showed that there were white cell agglutinins in the serum of polytransfused subjects which were used for the definition of an antigen, but these sera turned out to be too complex to be generally useful. The further search for antigens depended on the independent discovery by Van Rood and Payne in 1958 that leucocyte agglutinins were produced by fetal-matemnal stimulation. Using such sera and a statistical approach based on the analysis of 2 x 2 associations of serum reactions on a panel of cell donors, Van Rood defined a two allele system which he called group 4 in 1962. These statistical methods were further developed by Payne et al,' who defined an apparently independent system of antigens which they called LA (L for leukocytes and A for the first locus). Subsequent development of the system made use of a microcytoxicity assay dependent on complement that had been developed by Terasaki. This assay used partially purified peripheral blood lymphocytes as the target cells, and together with fetal-maternal antisera, remains the mainstay of HLA typing, although monoclonal antibodies, as will be described later, are gradually taking over. As further antigens associated with the LA and 4 groups were defined it became clear that these antigens fell into two series, each of which behaved as if they were controlled by a set of alleles at two closely linked loci, now known as the HLA-A and HLA-B loci. Subsequently, a third similar locus, HLA-C, was defined.
Following the discovery by Bach and Amos that the mixed lymphocyte culture reaction (in which the ability of lymphocytes to stimulate each other to divide is detected by the incorporation of tritiated thymidine) was controlled in association with the HLA antigens, the mixed lymphocyte culture test was used to define a new set of determinants called HLA-DW. Subsequently, it was established that these were paralleled by a set of serological determinants that could be identified predominantly on peripheral blood B lymphocytes, the HLA-DR, for D-related types. Further serological and cellular studies identified additional similar types called HLA-DQ and DP.
The development of the HLA system has been greatly enhanced by a series of international collaborative workshops started by Amos in 1964, the ninth of which took place in 1984. The proceedings of these workshops effectively define the development of the HLA system, and the latest provides a comprehensive survey of the HLA system.2 Further reviews of the system The strongest evidence that the HLA system is indeed the major histocompatibility system relevant for matching for transplantation comes from the fact that kidney or bone marrow grafts exchanged between HLA identical siblings survive, with appropriate immunosuppressive treatment, almost as well as those between identical twins and far better than grafts exchanged between mismatched siblings or other relatives. Because the loci controlling all the HLA determinants are closely linked within the HLA region, on average there is a 25% chance that a pair of siblings will be HLA identical, the exceptions being due to genetic recombination occurring within the HLA region. Matching for HLA within the family, therefore, ensures that most of the time all the differences within the region are matched. Matching unrelated donors and recipients for HLA-A, B, C and D region determinants has an important effect on graft survival, but the results are much less striking than those with HLA identical siblings. This may either mean that there are other determinants controlled by the HLA region, which are not yet clearly identified, with respect to which matching for transplantation is important; or that combinations matter so that, for example, matching for either HLA-A, B, C alone or HLA-D region alone is not as good as matching for both together. Morris et alt have written a recent review of the effects of HLA matching on transplantation.
In between the HLA-A, B, C and HLA-D subregions lies a series of genes for some complement components and also for the 21-hydroxylase enzyme, deficient in those with congenital adrenal hyperplasia. The complement genes in HLA are C2, the second component of the classical complement pathway, factor B (BF), the closely related product of the alternative pathway, and C4 the fourth component of the classical pathway. The C4 and 21-hydroxylase (210H) genes are duplicated adjacent to those for C2 and BF. Recently, the genes for the tumour necrosis factor a and ,B chains have also been shown to be in the HLA region. 6 Serological and cellular analysis has shown that there are at least 18 alleles at the A locus, 41 at B, eight at C, about 20 at DR, three at DQ, and six at DP. Each allele at these loci corresponds to a type defined by the serological and cellular techniques. Each type is identified by a combination of a letter Bodmer and a number, corresponding to the locus and the allele within the locus-for example, Al, B8, CW6 or DR4. (The W in CW6 stands for "workshop" to indicate, originally, a less clearly defined specificity. Now, however, the W is mainly used to distinguish the C locus products from the complement components.) The types thus fall into six different sets corresponding to the six loci, A, B, C, DR, DQ and DP, and each individual can carry up to two different types corresponding to two different alleles at any locus. Thus each individual may have up to 12 different types, two from each of the six sets corresponding to the six loci. These types can create about 80 000 million different combinations and generate, overall, an extraordinarily high level of polymorphism.
Pairs of alleles at closely linked loci within the system are often highly associated in the population due to the phenomenon of linkage disequilibrium or gametic association. Thus Al at the HLA-A locus occurs in northern Europeans with a frequency of about 31% and B8, controlled by an allele at the closely linked HLA-B locus, with a frequency of about 21%. The combined phenotype Al and B8 occurs with a frequency of about 17%, while if the two types were independent in the population the expected frequency would only be 0-31 x 0-21 or 6-5%. The excess of Al B8 types over that expected if they were independent is due to gametic association or linkage disequilibrium-namely, the occurrence in the population of a relatively high frequency of chromosomes that carry the alleles Al and B8 together on the same chromosome. In the absence of disturbing effects, such as natural selection, gametic associations decline eventually to zero at a rate (1 -r)', where r is the recombination fraction between the loci and n the number of generations. The recombination fraction is, therefore, the major determinant of the extent of gametic association, and strong associations probably occur only for recombination fractions which are less than 0-5-0-1%. In practice strong gametic association is found between alleles at the DQ, DR, complement and HLA-B and C loci, while the average association between alleles at HLA-A and HLA-B is much less, and there is mostly no detectable assocation between HLA-DP alleles and other alleles of the HLA region loci. This fits in with the fact that the recombination fraction between the HLA-A and HLA-B loci is about 0-8%, while that between HLA-DP and DQ or DR is about 1-5%. The recombination fractions between the other loci must be much less, as few if any recombinants have been detected between any of the HLA-DQ, DR, complement, B and C loci.
The patterns of gametic association and recombination are reflected in the distribution of recombination "hot-spots" (fig 1) . These are positions where recombination is presumed to occur much The HLA system: structure andfunction more often than elsewhere in the region, and they have been clearly identified in the mouse I region, which is the equivalent of the HLA-D region.7 In the HLA region recombination hot-spots are presumed to occur between DP and DQ and between A and C, and these are identified directly by relatively high recombination fractions-namely, between 0-5% and 2%, given the established molecular distance between the genes. In the case of the DQ subregion the hotspot is identified by a relative lack of gametic association between alleles at different loci within the subregion. In general, strong gametic associations may be expected between alleles at loci within a region bounded by recombination hot-spots, but not between alleles at loci separated by a recombination hot-spot, even when both are in the HLA region.
Molecular genetics of the HLA region
All the known products of the HLA region have been cloned using standard techniques of molecular genetics, generally starting from cDNA clones through to selecting genomic clones. This has established the genomic organisation of individual genes and of the region as a whole.8 -10 Sequence data show that the HLA-A, B, C and D region products are members of the immunoglobulin supergene family, sharing important though limited homology and characteristic structural features with the immunoglobulins.
There is an obvious problem in naming the HLA region products, which arises because of their having originated from studies of genetic variation, as in the case of blood groups, rather than as a protein product, like immunoglobulins and haemoglobins. When the product is studied first, the gene loci are naturally named after the product. In the case of the HLA system, however, there are names for the genes but no good names for the products. By analogy with the immunoglobulins, the HLA and other species major histocompatibility products can conveniently be called "histoglobulins." It then seems natural to call the class I products histoglobulins I or HgI, and the class II products histoglobulins II or HgII1 1; this provisional nomenclature will be used in the rest of this paper.
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Analysis of the class I or HgI products and their corresponding DNA sequence has shown them to have three protein domains outside the cell, followed by a transmembrane region, and a short intracellular cytoplasmic tail. The three main external domains have corresponding exons, as do the signal sequence and transmembrane region, while the cytoplasmic domain is distributed among three small exons ( fig 2) . All the HgI genes have essentially the same structure, and the major polymorphism of the HLA-A, B, C genes is found in the two domains most distal to the cell surface (al and a2). The membrane proximal domain (a3) is the one with the greatest similarity to immunoglobulins and is most closely associated with #2-microglobulin, itself a member of the immunoglobulin supergene family.
The class II or HgII products have a similar structure and genomic organisation to HgI (fig 3) . Each of the two chains has two external domains (cx1, a2 and 81, P4 coded for by separate exons. It is also the membrane proximal domains which show the greatest similarity to the immunoglobulins. This organisation suggests an origin from a series of duplication events and some selection for diversification of the HLA-D region products. By far the most polymorphic loci are those for DQ,B, DQa, and one of the DR# chains. The other DR3 chain and the DP3 chain are also fairly polymorphic, but DQcx is the only highly polymorphic a chain. This pattern of differential variability strongly implies that it is generated by natural selection. The obvious explanation for this selection is an effect of polymorphism on immune response differences to clinically important pathogens, and some form of frequency dependent selection in relation to this is still the most plausible mechanism strong gametic association with the allele controlling the associated antigen. Most of the diseases involved, including in particular rheumatoid arthritis, ankylosing spondylitis, juvenile insulin dependent diabetes mellitus (IDDM), Grave's disease, myasthenia gravis, and coeliac disease are clearly autoimmune diseases.
The aetiology of diseases such as haemachromatosis and psoriasis is less clear cut, though in psoriasis there is some argument for an immune aetiology. Narcolepsy has become the most striking of the associations, and it is notable that multiple sclerosis shares the same antigen. This suggests an immune aetiology triggered by a virus, which may have more limited tropism in narcolepsy than in multiple sclerosis. Other mechanisms, however, certainly cannot be ruled out, since it has been suggested that HLA-DR2 is associated with a differential pattern of sleep in normal persons. '5 There are relatively few published examples of a direct effect of HLA on immune response. Law etal showed that men who had undergone vasectomy and who had produced particular types of autoantibody to sperm had a significantly higher prevalence of the antigen A28 than corresponding controls,'6 and this observation has been confirmed by Hancock etal.'7 A recent interesting example of a difference in immune response is the suggestion that antigens of various Mycobacterium species gave a higher responsiveness in a skin test in HLA-DR4 positive subjects than in others.'8 This would be exactly the type of association that might be expected to occur in selection acting on HLA variants through differential effects on resistance to important pathogens. The later price to pay for this protection is, then, the association with autoimmune diseases such as rheumatoid arthritis and IDDM.
The association between IDDM and HLA illustrates many features of the analysis of HLA effects on disease susceptibility. The initial association found by Singal and Blajchman'9 was with HLA-B15, and only later was the association with the HLA-D region determinants DW3 and DW4 and then their serogroup.bmj.com on October 29, 2017 -Published by http://jcp.bmj.com/ Downloaded from The HLA system: structure andfunction In contrast with population association data, which depend on a strong gametic association between the antigen observed in patients (which has a higher prevalence than in controls) and a presumed allele at a closely linked disease susceptibility locus, the sibling pair family analysis is a direct search for linkage that does not depend on gametic association.22 Table 2 shows the distribution of genotypes at the HLA-DR locus for 43 patients with IDDM, based on studies of their families.23 Patients all have either DR3 or DR4, and there is a striking excess of DR3/DR4 and DR4/DR1 heterozygotes, which agrees with earlier data, at least for DR3/DR4. 21 Another feature of the data (table 3) is the fact that the association between B1 5 and DR4 is much stronger in patients with IDDM than it is in a control population. This observation accounts for the fact that the first association between HLA and IDDM was with B15. This was initially puzzling in relation to the subsequently established association with DR4, as there was no strong association between B 15 and DR4 in the normal population. The data clearly indicate that the primary effect of the HLA system on IDDM is not due to DR4 alone. The susceptibility could either be due to an allele at another locus closely linked to both the DR and B loci, which shows strong gametic asociation with both Bi 5 and DR4, or it could be due to DR4 together with an allele at another locus that is associated with B 15. The hetero- consistent with the population association data on both B1 5 and DR4. Attempts are now being made to refine the data on HLA and disease associations by studying restriction fragment length polymorphisms that can be identified using clones of the various HLA region genes.26 Using this approach, Bell et al27 found suggestive evidence for the role of HLA-DQf chain polymorphism in the association between DR3 and myasthenia gravis.
The associations between HLA and cancers are much less clear cut than those with diseases with a definite immune aetiology. 28 The most obvious possibility concerns effects of HLA variation on immune response to viruses which are aetiologically associated with cancer. Suggestive associations have been found between HLA-DR5 and the acquired immune deficiency syndrome (AIDS) virus, human immunodeficiency virus (HIV)29 30 and between Burkitt's lymphoma, the original source of the Epstein-Barr virus, and HLA-DR7.3' A weak population association between HLA-B locus antigens and Hodgkin's disease has been confirmed by a sibpair family analysis on patients with Hogkin's disease, showing a severe distortion of the Mendelian HLA segregation expected in the absence of an HLA effect. 28 It is important to emphasise that only a very small proportion, perhaps up to 3%, of cases of Hodgkin's disease occur in families with two or more affected persons. It is within such families that HLA typing can establish whether the affected pairs of siblings with Hodgkin's disease are identical, share only one HLA chromosome but not the other, or have neither chromosome in common. The expected incidence of these three classes based on the assumption of Mendelian segregation and in the absence of an HLA effect is 1:2:1. It is the departure from this expectation that shows that there may be a gene in the HLA region which confers susceptibility to Hodgkin's disease. The data suggest that it may be possible to find an HLA variant that is highly associated with Hodgkin's disease in the population, and HLA-DP is an obvious possibility.32 Hodgkin's disease is interesting in that it shows how a gene, which may only confer a small chance, say I in 20, of getting the disease, may nevertheless, if there is virtually no chance of the disease developing without the gene, produce an unequivocal inherited susceptibility, even when there is no significant familial clustering of the disease. 33 The effects of the HLA system may not be directly on disease susceptibility itself but on the pattern of 954 expression of disease. Thus Oliver et al34 suggest that the extent to which germ cell testicular tumours metastasise may depend on the patient's HLA type. Patients who were DR7 showed a higher incidence of stage IV disease, with haematogenous spread to lung, liver, brain or bone than those with other types. Further data, both from families and population studies, are needed to substantiate this interesting possibility of a genetic influence on the pattern of tumour metastasis.
The bases for the effects of the HLA system on susceptibility to disease need to be established by appropriate functional studies. Transfection of cloned genes into a cell in which their expression can readily be detected now provides enormous scope for investigating the relation between function and structure. The cloned genes can be changed in defined positions and the effects of this on expression investigated, both at the serological level and in terms of function-for example, in antigen presentation. Thus in our laboratory DP cosmid clones have been transfected into mouse L cells and expressed both in terms of recognition by monoclonal antibodies, and functionally, through presentation of antigen."3 The specific sequence at the DNA and protein level that has a role in an immune response underlying an HLA and disease association must eventually be identified. This may mean reconstructing in vitro the basis for an autoimmune attack using appropriate T cell clones, which either recognise the autodeterminant in cellular destruction, or, mediated through T cells, generate a damaging autoimmune response. Manipulation of cloned genes expressed in suitable cells will provide the basis for testing whether, for example, a given sequence suspected of underlying an HLA and disease association is critical for the presentation of a particular antigen. The triggers for the development of autoimmunity, be they viruses, other infections, or exposure to antigens in the environment through diet or in other ways, also need to be identified. 32 36 Monoclonal antibodies and the distribution of HLA determinants in normal and pathological sue Because of their specificity, unlimited availability, and their potentially extraordinarily high reactivity, monoclonal antibodies are making a major contribution to the analysis of the HLA system. One of the earliest monoclonal antibodies against any human determinant was W6/32 which reacts with all HLA-A, B, and C molecules.37 This and other similar antibodies, including also some against f2-microglobulin, have been widely used for studies on the tissue distribution of the HLA-A, B, C or HgI determinants. 38 Monoclonal antibodies against HLA-D region or HgII determinants have made an important Bodmer contribution to the analysis of HLA-D region serology and biochemistry, including the sorting out of the three sets of products DP, DQ, and DR. 39 40 In addition to the monomorphic antibodies, there are now many polymorphic antibodies for both HLA-A, B, C41 and HLA-D region42 specificities. Monoclonal antibodies to the D region specificities are also helping define new determinants, and aiding the serological identification of differences previously only defined by cellular techniques. New approaches to the production of specific HLA monoclonal antibodies, as well as the development of more sensitive techniques based on enzyme linked immunoabsorbent assay (ELISA),43 should eventually make HLA typing using these approaches the routine standard. Thus mouse L cells transfected with human HLA-DP genes have been used to make a DP specific polymorphic monoclonal antibody in C3H mice. 44 As the L cells are derived from C3H mice, HLA specificities expressed on their surface should be the only determinant, apart from a possible tumour antigen, that the C3H mouse can react to.
For some time, red blood cells seemed to be the only major human normal tissue that did not express HLA-A, B, C or HgI determinants. Subsequently, especially following the use ofmonoclonal antibodies, sperm and most trophoblasts were also found to lack expression of HgI determinants on their surface.38 This absence of expression by sperm has been the subject of some controversy but has recently been clearly confirmed by Kuhlmann et al. 45 Its functional importance is not yet clear, though it may simply represent a gradual slowing down and stopping of turnover of the HLA-A, B, C gene products as the sperm mature. This is also assumed to be the case for red blood cells as reticulocytes have been reported still to express HgI determinants.
Immune T cell attack depends on the presence of HgI histoglobulins on the surface of the target cells. 46 The lack of HLA-A, B, and C determinants on the trophoblast, which carries paternal as well as maternal genes (and so should express antigens foreign to the maternal environment) therefore protects the trophoblasts from cellular immune attack against any antigen. This explains in simple terms why the fetus survives as an allograft-one of the classical conundrums of immunology.47 48 Avoidance of rejection of the fetus is most likely to be due to protection against cell mediated immune attack; HLA and other antibodies are commonly produced as a result of fetal-maternal stimulation and, in most cases, have no untoward consequences for the fetus. Some apparent expression of HLA-A, B, C related determinants on extra villous trophoblasts has been described by Redman et al,49 but the importance of this is unclear.
A detailed survey of the distribution of HLA-A, B,
The HLA system: structure andfunction C antigens on normal human organs has been reported by Daar etal.S°The survey shows that in addition to red cells, sperm, and trophoblast, certain other cells, such as hepatocytes and neurones, have either very low or absent expression of HgI. The lack of HLA-A, B, C antigens from sperm may protect them from cellular immune attack in the female, before fertilisation, and so may have a functional basis that is similar to the lack of these determinants from trophoblasts.5' There is no obvious similar rationale for the low expression or lack of these determinants on other tissues, though it may have implications for transplantation-for example of the liver-or using neurones.
The lack of HgI determinants on choriocarcinomas52 53 presumably explains why this tumour (which, since it carries genes introduced from the male as does the trophoblast, should express foreign antigens), is unaffected by HLA incompatibility.54
The choriocarcinoma is protected from T cell immune attack just like its normal progenitor the trophoblast. These cells, interestingly, switch off HLA-A, B, C gene expression in coordination, while still synthesising and secreting fl2-microglobulin.
The first human tumour cell line anomalously shown to lack completely surface expression of HLA-A, B, C or HgI products was the Daudi cell line derived from a Burkitt's lymphoma. Genetic experiments with Daudi showed that its primary genetic defect was the expression of f32-microglobulin,55 and subsequent biochemical studies confirmed that HLA-A, B, and C products were synthesised, but in the absence of #2-microglobulin were not functionally expressed on the cell surface. 52 The lack of expression of HgI in a tumour derived cell line Daudi, which arose from a cell type that normally expresses their determinants on the surface, was suggested by ArceGomez etal"`to be a change that could have been selected for during tumour progression through an advantage of resistance to T cell immune attack. Such resistance is presumably only an advantage to tumours that express tumour specific antigens in a form that can induce T cell immunity. In the case of the Burkitt lymphoma derived cell line the EpsteinBarr virus determinants would be a natural target for such immunity. The fact that only few Burkitt's lymphomas seem to have deranged expression of HLA-A, B, C or fl2-microglobulin determinants52 may be explained by the observation of Rooney etal56 that many Burkitt's lymphomas may lack the EpsteinBarr virus determinants recognised by cytotoxic T cells, and so may have used this alternative route to escape from host T cell immunity directed against the tumour.
These ideas naturally extend to the question of whether carcinomas may be found that lack HgI 955 expression and, if so, whether this represents an escape from immune response to tumour specific antigens selected for during tumour progression. In initial studies a surprisingly high proportion of carcinoma derived cell lines were shown to have low or absent HgI expression, suggesting that these might correspond to clinical situations in which tumours had a specific antigen that generated a T cell immune attack. 38 52 Other examples of this phenomenon have subsequently been described.5057
A most interesting ramification of these ideas is the observation that certain adenovirus strains switch off HgI antigen expression in the cells which they infect or transform.58 59 Though there is some controversy about the extent to which this reduced expression favours tumour growth, it seems most likely that these adenoviruses have evolved a mechanism that allows them to hide inside a cell and so escape T cell immune attack with respect to virally induced or expressed determinants.
These observations on variations of HgI expression on tumours suggest the possibility of a correlation with prognosis. Some unpublished observations from our laboratory support this idea in the case of colorectal carcinomas. Thus in a screen of sections from just over 50 cases derived from a typical sample of colorectal carcinomas seen at St Mark's Hospital two were found with complete lack of reactivity with the HLA-A, B, C monomorphic antibody, W6/32. (Richman P, personal communication). In contrast, we have found that only three of eight colorectal carcinoma derived cell lines express detectable amounts of HgI on their surface. There is therefore a suggestion that those that do express are either more differentiated or less "aggressive" tumours in terms of their growth characteristics and consequently prognosis (Spurr N, Makin C, and Bodmer W, unpublished observations). The clear implication is that the cell lines are derived from tumours with a more aggressive phenotype and therefore with a poorer prognosis, which is consistent with the relatively low yield of tumours that give rise to growing cell lines. It would then be those tumours with a poorer prognosis which tend more often to lack HgI surface expression. Perhaps as the tumours progress, they are more likely to develop changes on their cell surface associated with their malignancy that may be recognised as tumour specific antigens by the immune system. As a result, they are then subject to stronger selection by the development of immunity to T cell attack through reduced or absent functional surface expression of HLA-A, B, C determinants.
The cellular and serological basis on which HLA-D 
Conclusion
The HLA region constitutes about 1/1000th of the human genome, corresponding to a size of about 3 x 
